To clarify the functional role of the 2 and 4-side chains of heme in myoglobin oxygenation, we synthesized several new hemins carrying nonnatural side chains at positions 2 and 4, reconstituted myoglobins with them, and investigated their optical, ionization, and oxygen-binding properties.
To clarify the functional role of the 2 and 4-side chains of heme in myoglobin oxygenation, we synthesized several new hemins carrying nonnatural side chains at positions 2 and 4, reconstituted myoglobins with them, and investigated their optical, ionization, and oxygen-binding properties.
The absorption maxima for most of the reconstituted myoglobins except those reconstituted with hemins having carbonyl groups, no matter whether they are oxy-, deoxy-, or carbon monoxy-form, shifted by at most 20 nm toward shorter wavelengths than protoheme-myoglobin. The absorption spectrum is more affected by resonance effects than by inductive effects of the peripheral side chains of heme. Differences in optical and oxygenation properties between isomeric myoglobins carrying hemes with different side chains at positions 2 and 4 indicate that the 2 and 4-side chains of heme are functionally nonequivalent, as previously shown by Sono and Asakura [(1975) J. Biol. Chem. 250, 5227-5232] for monoformyl-monovinylheme myoglobins. Modification of the 4-side chain exerts greater influence on the oxygen affinity than that of the 2-side chain.
The extrapolation method proposed by Sono and Asakura to correct for the protein factor seems to be applicable only as a special case and does not apply to the isomeric myoglobins studied by us. There was not correlation between pKa 1 This work was supported by a Grant-in-Aid for Special Project Research (No . 56109004) from the Ministry of Education, Science and Culture of Japan. Abbreviations:
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of the met-form and the oxygen pressure at half saturation, implying that the elec tronic effect of the side chains is not decisive for the oxygen affinity of myoglobin. (1, (5) (6) (7) (8) .
Many investigators have emphasized that the electronic effects of the 2-and 4-side chains of heme are more important in regulating the oxygen affinity than their steric effects. In fact, the introduction of electron-withdrawing and electron-donating groups at positions 2 and 4 decreased and increased respectively the oxygen affinity of myoglobin just as expected (6, 9) . However, the affinity of deuteroH-Mb was higher than that of mesoH-Mb, which did not accord with this hypothesis (1, 10, 11) . DIPH-Mb showed a lower oxygen affinity than native Mb in spite of the electron-donating property of the isopropyl group (8) . This result was interpreted as follows: the bulky isopropyl groups make the heme pocket larger and weaken the interactions between the bound oxygen molecule and the distal His, resulting in destabilization of the oxy-form relative to the deoxy-form and hence a lowered oxygen affinity. 2-Isopropyl-4-vinyldeutero and 2-vinyl-4-iso propyldeuteroporphyrin IX dimethyl esters were synthesized by the following procedures. Deu teroporphyrin IX dimethyl ester (1.08 g) was iso propylated as described (8) but with less activated A1Cl3. The reaction was allowed to proceed for 10 h before adding water. Chromatography on preparative thin-layer silica gel (Art. 5717, Merck) with dry methylene chloride-acetone (80: 1, v/v) gave three bands plus a residue at the origin. The second fraction was worked up and crystal lized from methylene chloride-methanol DIBe-hemin showed optical red shifts in the pyridine hemochromogen derivative compared with deutero and mesohemin (Table I ) and this tendency was preserved in the oxy-and carbon monoxy-forms of the reconstituted myoglobins, whereas DIBeH-Mb exhibited optical blue shifts in the deoxy-form compared with deuteroH-and mesoH-Mb (Table II) . A possible explanation is that the 2,4-diisobutenyl side chains are too large to enter the heme pocket as deeply as the 2,4-vinyl groups of protoheme due to steric repulsion with the polypeptide side chains, resulting in the weakening of the bond between the heme iron and the N, of the proximal (F8) His. According to a low-temperature kinetic study of carbon monoxide binding to heme-substituted myoglobins (20) , there are four barriers which the carbon monoxide molecule must surmount in migrating from the solvent to the heme iron; the three outer barriers are related to the protein and the interface with the solvent (the kinetics at or near room temperature mainly consists of a phase which involves the outermost barrier); the inner most barrier is affected by the modification of the 2,4-side chains.
Our account for the correlation between the rate constant of CO recombination and the bulk iness of the 2,4-side chains is as follows. Since the heme iron cannot make contact with the ligand molecule due to the steric repulsion of the four pyrrole nitrogen atoms in the 5-coordinated deoxy structure (21, 22) , at the transition state of the innermost barrier the proximal His must move toward the porphyrin plane so that the iron atom can occupy the in-plane position.
Since this transition will involve close contacts of the heme side chains with the polypeptide side chains, the introduction of bulky groups at the 2,4-positions would raise the potential of the innermost barrier and consequently decrease the recombination rate constant for carbon monoxide. This steric effect would result in the decrease in the oxygen affinity of the present reconstituted myoglobins in the order: deuteroH-
> DIPH-Mb. However, this order differs from the experimental ones (Fig. 2) Refined X-ray data of sperm whale myoglobin (Takano, T., personal communication) indicate that in the deoxy-and met-forms the 4-vinyl group has four and six van der Waals contacts, respec tively, with the surrounding amino acid residues C4 Thr, CD1 Phe, FG4 Ile, and G4 Tyr, while the 2-vinyl group has only zero and two contacts, respectively, with E15 Leu. The more packed environment around position 4 compared with that around position 2 may amplify the steric effect of the 4-isopropyl group compared with that of the 2-isopropyl group, resulting in the order of oxygen affinity: 2-Ip,4-VH->>2-V,4-IpH->DIPH-Mb.
The 2-isopropyl group in 2-Ip,4-VHMb would be snugly accommodated in the heme pocket, resulting in easier heme movement upon oxygenation, which in turn may cause the increased oxygen affinity compared with that of native Mb. The branched chains longer by one carbon atom than isopropyl group at positions 2 and 4 of heme will exert larger steric effects in the heme pocket.
In fact, the isobutyl and isobutenyl groups of heme seem to be too large to enter the heme pocket as deeply as the vinyl groups of protoheme, as mentioned in section (a). The high affinity of DIBH or DIBeH-Mb may be a con sequence of the weakening of the bond between the heme iron and N. of the proximal His (de scribed above) which stabilizes the in-plane posi tion of the iron atom. The higher affinity of DIBeH-Mb than that of DIBH-Mb, opposite to what is expected from the electronic effects of the isobutenyl and isobutyl groups, may be a con sequence of a large steric effect due to the greater rigidity of the isobutenyl group. However, the similarity of the affinity of this myoglobin to that of mesoH-Mb is reasonable in view of the steric effect of the ethyl group. 
